glucose tolerance tests and modified insulin tolerance test were performed in minipigs fed either low or high energy diet. Furthermore, the reproducibility of IVGTT derived parameters was assessed.. In conclusion, the new simple index of insulin sensitivity, S2, revealed to be useful for evaluation of insulin sensitivity in pigs.
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Introduction
Type 2 diabetes is characterized by glucose intolerance caused by a combination of markedly reduced insulin sensitivity and insulin deficiency relative to the degree of insulin resistance (7, 20) . It is therefore of great importance to reliably quantify these two parameters not only in humans but also in animal models of type 2 diabetes.
Several methods to evaluate insulin sensitivity and beta cell function have been employed and validated in humans (33) and in rodents (34). These include fasting and dynamic measures obtained from oral and intravenous glucose tolerance tests as well as insulin tolerance tests (4, 5, 27-29, 33, 37) . The hyperinsulinemic, iso-or euglycemic clamp is considered the "gold standard" for evaluation of insulin sensitivity (11, 33); however, this test is quite laborious.
Pigs are being increasingly used as an animal model within obesity and diabetes research; and the Göttingen minipig is one of the more extensively utilized strains (19, 22, 23, 26, 36) . Various tests and indices for measuring insulin sensitivity in pigs have been exploited (12, 19, 24, 31, 38, 42) but to our knowledge these have never been validated against the hyperinsulinemic, isoglycemic clamp. This is necessary since this type of animal model is likely to be more employed in studies requiring metabolic measurements.
The aim of the present study was to compare different indices from oral and intravenous glucose tolerance tests as well as from insulin tolerance test with those obtained from the hyperinsulinemic, isoglycemic glucose clamp in Göttingen minipigs of different degree of obesity and insulin resistance. Following this analysis, a new and simple method to evaluate insulin sensitivity was derived from a short intravenous glucose tolerance test. The new index emanating from this simple test was validated and its reproducibility assessed.
Materials and methods
Animals.
Fourteen female and 11 male Göttingen minipigs 7 weeks of age at the beginning of the study were purchased from a microbiologically defined barrier unit (Ellegaard 
Diet and feeding regimen.
The 25 pigs in the insulin sensitivity study were fed twice daily with a restricted amount of either low energy diet, LED (low fat, high fiber diet, 6 males and 7 females) or high energy diet, HED (high fat, high sucrose diet, 5 males and 7 females); all had free access to water. The experimental diets, purchased from Brogaarden (Gentofte, Denmark), were given in the milled form ( Table 1) .
The 6 pigs for the reproducibility study were fed twice daily with a mixture of 140 g minipig diet from SDS (Special Diets Services, Essex, England) and 265 g commercial swine fodder (Antonio, Slangerup, Denmark) throughout the study.
Implantation of central venous catheters.
To be able to take blood samples without stressing the animals, two central venous catheters (Cat n. C-TPNS-6. In vivo tests for evaluation of insulin sensitivity and beta cell function.
The tests for evaluation og insulin sensitivity and beta cell function were performed over a period of 3 weeks, starting after 3½ months of diet feeding and in all cases after an 18 h overnight fast.
The pigs used in the reproducibility study had the IVGTT performed twice 5 days apart.
Mixed meal oral glucose tolerance test (OGTT)
The OGTT was performed in 23 animals. Immediately after three basal samples 
Intravenous glucose tolerance test (IVGTT)
An intravenous glucose bolus of 0. 
Modified insulin tolerance test (mITT).
The mITT, modified after Otis et al. 
Handling and analysis of blood samples.
For every experiment, immediately after collection, blood was transferred to EDTA coated tubes with 250 KIU/ml of Trasylol, kept on ice until centrifugation (10 minutes at 4°C and 3500 rpm) 1-1½ h after sampling. Plasma for glucose analysis was analyzed on the same day using the glucose oxidase method, with 10 μl plasma in 500 μl buffer (EBIO plus autoanalyzer and solution, Eppendorf). Plasma for insulin analysis was pipetted on dry ice and stored at −20°C until analysis. Porcine insulin (OGTT and IVGTT) was analyzed using an in-house two-site immunometric assay with monoclonal antibodies as catching and detecting antibodies and using purified porcine insulin for calibration of the assay. The minimal detectable concentration was 3.6 pM and the upper limit (with no sample dilution) was 1785
pM. Human insulin (mITT and hyperinsulinemic, isoglycemic clamp) concentration was analyzed using an in house LOCI sandwich immunoassay using two different monoclonal antibodies directed against rat insulin and human insulin, respectively.
Cross-reactivity to pig insulin was 15%. The lower limit of quantification was 8 pM and the upper limit (with no sample dilution) was 3000 pM. C-peptide concentration was measured using a commercial RIA-kit from Linco Research, Inc., St. Charles, Missouri (Porcine C-peptide RIA kit cat. no. PCP-22K).
Calculations and statistical analysis. Reproducibility study.
QUICKI, S2 and ΔAIR G were calculated as described above, and furthermore the AUC insulin(0-120) and AUC glucose(0-120) were calculated from the trapezoid rule.
Coefficients of variation (CV%) were calculated as SD/mean×100 of the two measurements for each pig. The median CV% for each parameter was used as a measure of reproducibility.
Statistical analysis. 
Results
Characteristics of the minipigs and values of the glucose tolerance, beta cell function and insulin sensitivity indices are shown in Table 2 and regression coeffecients are shown in Table 3 . OGTT and IVGTT time vs. concentration curves are shown in Fig. 1 and 2 , respectively, and the most relevant linear regressions are shown in Fig.   3 .
The feeding of diets with different energy content to both male and female animals led to the desired quite wide range in body weight and consequently in insulin resistance or sensitivity. The mean daily food intake in grams was not different in the two groups (274±8 g in HED and 259±6 in LED, p=ns), but as expected the daily energy intake was significantly higher in the pigs on HED compared to the pigs on LED (1241±35 vs. 748±15, p<0.001).
Glucose tolerance calculated from the OGTT (Δ 2 h glucose) and IVGTT (K G ) correlated significantly (r=0.55, p<0.01), whereas no correlations were found between OGTT and IVGTT beta cell function indices.
The CV% for glucose and insulin concentrations during the steady state period of the clamp was 8 and 10%, respectively. (Table 2 ).
In the reproducibility study an IVGTT was performed twice in a separate group of animals, and the results of the two tests were compared. Body weights at the two test points were 24.2 ± 2.8 and 23.0 ± 2.2 kg (p<0.05). The CV% was 8.9
for basal insulin, 7.8 for basal glucose, 13.2 for S2, 13.9 for AUCinsulin (0-120) and 6.9 for AUCglucose (0-120) ..
Discussion.
Minipigs are being increasingly used in metabolic research (6, 12, 19, 25, 26, 31), underlining the necessity of valid methods to evaluate insulin sensitivity in this species. The hyperinsulinemic, iso-or euglycemic clamp is considered the "gold standard" for evaluation of insulin sensitivity in humans and presumably also in animal models (11, 30). However, due to the laboriousness of this test, several attempts have been made to introduce and validate new and simpler methods to assess insulin sensitivity in humans from both fasting measurements and dynamic Table 2 ). In addition, the reproducibility of S2 was satisfactory, being in the same range as that of IVGTT derived indices of insulin sensitivity in humans (13, 17, 39) . In addition, the dynamic tests (OGTT, IVGTT and mITT) are characterized by usually elevated levels of hyperglycemia and therefore glucose disappearance includes a component due to glucose-mediated glucose disposal, which can be quantified only with minimal model (2) . The weight of this process may also affect the degree of correlation between the dynamic indices on one hand and M/G/I and QUICKI on the other hand. Furthermore, it probably explains why S2, S I and ISI ITT tend to overestimate insulin sensitivity from the clamp ( fig. 1, A-C) , despite the same units.
Moreover, the OGTT used in minipigs is not completely analogous to that used in humans, since the glucose is given as a mixed meal with a diet rich in fiber.
This leads to a slower and more variable gastric emptying and absorption of glucose from the gastrointestinal channel ( Fig. 1 ) and thereby to a smaller and more variable peak in plasma glucose. Thus, the OGTT in pigs comprises a weaker metabolic challenge compared to an IVGTT, which may make the OGTT less able to detect small differences in insulin sensitivity. Together with a possible incretin effect on insulin action (3, 40) , this may explain the lack of significant difference in insulin sensitivity between the two diet groups and the lack of correlation to the clamp derived insulin sensitivity. Nonetheless, although probably only able to detect more prominent group differences in insulin sensitivity, the OGTT may still be useful in pigs for providing some information on glucose tolerance, insulin resistance and insulin secretion given the physiological conditions under which it is performed. The sub-maximal stimulus on the beta cells during OGTT compared IVGTT could, in combination with the incretin effect on insulin secretion, also explain the lack of correlation between beta cell function indices obtained by these two tests in pigs.
However, since not the major focus of the present study, beta cell function indices
were not compared to the gold standard hyperglycemic clamp.
From a methodological point of view, the insulin and glucose patterns during the IVGTT exhibited less dynamic profiles in pigs compared to humans and dogs (Fig. 2) , where the minimal model has been more extensively exploited. Since the estimation of S I strongly depends upon the shape of the concentration patterns (16), it can be speculated that these qualitative differences may lead to an imprecise minimal model estimate of insulin sensitivity in pigs and thus explain the lack of agreement between S I and clamp.
Perspectives and significance.
Currently, many different non-validated tests and indices are used to describe insulin sensitivity in (mini)pigs in situations where hyperinsulinemic clamp is not performed (which is the majority of the studies as it is now). This may make different studies, feeding regimens and effects of drug candidates difficult to compare. By introducing a quick, simple and validated intravenous method, we hope to make it "first choice" in settings where clamp is not performed. Thereby, the published studies in (mini)pigs would become more uniform and easier to compare, which would be a huge advantage.The new insulin sensitivity index, S2, is simple to obtain from a short IVGTT and further it is the only index that appears to correlate with clamp in minipigs. The new index is based on general physiological principles not depending on the exact shape of the glucose and insulin curves, and is therefore likely to be applicable not only in Göttingen minipigs but also in other pigs and species. Indeed, this simplified test has already shown to be applicable in humans (14) and mice (32).
The applicability of S2 in diabetic animals with low or no endogenous insulin secretion remains to be clarified, but the method may be further developed with exogenous insulin infusion like done with the insulin modified IVGTT in humans (35).
In conclusion, the new S2 insulin sensitivity index, based on a short intravenous glucose tolerance test, significantly and exclusively correlated to the insulin sensitivity index from the hyperinsulinemic, isoglycemic clamp.The S2 index is simple and useful for evaluation of insulin sensitivity in pigs. LED=low energy diet, HED=high energy diet Table 2 . Characteristics and metabolic parameters of the minipigs (mean±SEM).
P<0.05 regarded significant, ns=not significant.
The experimental procedure and the formulas for calculating the metabolic parameters along with their meaning are reported in the Methods section. The experimental procedure and the formulas for calculating the metabolic parameters along with their meaning are reported in the Methods section. 
